We have isolated two Ca2+-binding proteins from squid optic lobes, each of which is also able to bind phenothiazines in a Ca2+-dependent manner. These proteins have each been purified and partly characterized. One of the proteins corresponds to calmodulin, in that it has a similar amino acid content to bovine brain calmodulin, including a single residue of trimethyl-lysine, it co-migrates with bovine calmodulin both on alkalineurea-and on sodium dodecyl sulphate (SDS)/polyacrylamide-gel electrophoresis, and will activate calmodulin-dependent phosphodiesterase. The second protein has the same subunit molecular weight as calmodulin, as determined by SDS/polyacrylamide-gel electrophoresis, Mr 17 000, but migrates more slowly than this protein on alkaline-urea-gel electrophoresis. It has an amino acid composition distinct from calmodulin, containing no trimethyl-lysine, its CNBr fragments migrate on alkaline gels in a pattern distinct from those of calmodulin and it shows little ability to activate phosphodiesterase. The u.v.-absorption spectra of the proteins indicate the absence of tryptophan and the presence of a high phenylalanine/tyrosine. ratio in each. Both proteins also bind 3-4 calcium ions/mol at 0.1 mM-free Ca2+ and each binds chlorpromazine in a Ca2+-dependent manner.
The antipsychotic phenothiazines have been shown by Levin & Weiss (1976 to bind to high-affinity Ca2+-dependent sites on the intracellular Ca2+-binding activator protein calmodulin and to block the interaction of calmodulin with its target enzymes (e.g., Weiss et al., 1980) . On the basis of these observations, and of the reported low levels of Ca2+-dependent binding of phenothiazines to other proteins (Levin & Weiss, 1978) , an increasing number of studies have used these drugs as specific probes of calmodulin function. The Ca2+-dependent calmodulin-phenothiazine interaction has also been utilized to develop affinity-chromatographic procedures for the isolation of calmodulin from various sources on immobilized phenothiazine matrices (Charbonneau & Cormier, 1979; Jamieson & Vanaman, 1979) .
As part of studies on Ca2+-binding proteins in the nervous system of the squid we have used one of these affinity-chromatographic procedures to isolate Ca2+-dependent phenothiazine-binding proteins from squid optic lobe. Two such proteins have been isolated and purified, only one of which corresponds Abbreviation used: SDS, sodium dodecyl sulphate. Vol. 209 to calmodulin, the other being structurally and functionally distinct.
Materials and methods Materials
Fluphenazine was given by Squibb and Sons Inc. (Princeton, NJ, U.S.A.) and trifluoperazine was given by Smith, Kline and French Laboratories, Philadelphia, PA, U.S.A. [HlChlorpromazine was purchased from New England Nuclear (Boston, MA, U.S.A.). Other chemicals and reagents were laboratory reagent grade obtained through local suppliers. Live squid were obtained-through the Marine Biological Laboratories (Woods Hole). Protein preparations Squid optic lobes were dis4ected from freshly killed animals and immediately immersed in liquid N2. The samples remained in liquid N2 or at -800C in a freezer until used in the preparation.
Preparation ofphenothiazine-bindingproteins
All procedures were carried out at 40C. About 25 g of optic lobe was thawed and homogenized in 0306-3275/83/030797-06$2.00 X) 1983 The Biochemical Society 10vol. of 50mM-imidazole/200mM-NaCl/5 mM-EGTA/15 mM-2-mercaptoethanol (pH 7.2) using a glass-pestle homogenizer. The homogenate was centrifuged at 1000OOg for 30min to obtain a clear supernatant. Sufficient 1 M-CaCl2 was added to give a free Ca2+ concentration of approx. 1 mm and the supernatant was then applied to a column (2 cm x 10cm) of fluphenazine-Sepharose, prepared by the method of Charbonneau & Cormier (1979) , equilibrated in 50mM-imidazole/200mM-NaCl/1 mmCaCl2/15 mM-2-mercaptoethanol (pH 7.2). Unbound material was washed from the column with 500 ml of the same buffer. The column was then eluted with 100 ml of the EGTA-containing extraction buffer. Fractions (5 ml) of the eluate were collected and the protein content of each tube was monitored by alkaline-urea/polyacrylamide-gel electrophoresis.
The protein-containing fractions were pooled, dialysed for 12h against 100vol. of 20mM-Tris / HCl / 5 mM-EGTA / 15 mM-2-mercaptoethanol (pH 7.8), and applied to a column (2cm x 10cmn) of DEAE-cellulose (DE-52; Whatman Inc., Clifton, NJ, U.S.A.) equilibrated in the same buffer. The column was washed with 500 ml of buffer and eluted with a linear 0-0.4M-NaCl gradient in 500 ml of buffer. Fractions (5 ml) were collected and the protein content was monitored by alkaline-urea/ polyacrylamide-and SDS/polyacrylamide-gel electrophoresis.
Bovine brain calmodulin-dependent cyclic nucleotide phosphodiesterase was prepared as described by Head et al. (1979) . Bovine brain calmodulin was prepared as described by Head et al. (1982) . Gel electrophoresis Alkaline-urea/polyacrylamide-gel electrophoresis was performed on 8% (w/v) polyacrylamide gels containing 6M-urea by using a continuous buffer system of 25 mM-Tris/80mM-glycine (pH 8.6) as described by Head & Perry (1974) .
CNBr fragments of proteins were electrophoresed on the same gel system, but with 16% acrylamide, essentially as described by Head et al. (1977) .
SDS/polyacrylamide-gel electrophoresis was performed on 10% (w/v) polyacrylamide gels by the method of Weber & Osborn (1969 CNBr cleavage Freeze-dried protein samples were dissolved to 1 mg/ml in 70% (v/v) formic acid. CNBr, as a 1 g/ml solution in acetonitrile, was added to give a final concentration of 0.1 g of CNBr/ml. The sample was incubated for 24 h at room temperature and subsequently dried under a stream of N2. The dried residue was redissolved in a minimum of water and sufficient aq. 1 M-NH3 added to solubilize any undissolved material. The sample was again dried under a stream of N2 before preparation for alkaline-urea/polyacrylamide-gel electrophoresis.
Chlorpromazine binding
Protein samples (approx. 0.5 mg/ml) were dialysed for 24h against 500vol. of 10,uM-[3H1-chlorpromazine (sp. radioactivity 1 Ci/mol)/200mM-NaCl/5 mM-Tris/HCl and either 0.1 mM-CaCl2 or 5 mM-EGTA (pH 7.6). After dialysis the protein concentration of the dialysed sample was determined by the method of Lowry et al. (1951) . The radioactivity of portions of the dialysed sample and the dialysis fluid were determined by liquidscintillation counting. Ca2+ binding Ca2+ binding at 0.1 mM-Ca2+ was determined by equilibrium dialysis. Protein samples (approx. 0.5 mg/ml) were first dialysed for 12 h against 10mM-imidazole/ 100 mM-NaCl/ 1 mM-EGTA (pH 7.0), then for 12 h against the same buffer but containing 0.1 mM-EGTA and, finally, for 48 h against 400 vol. of 10mM-imidazole/100 mM-NaCl/ 0.1 mM-45CaC12 (sp. radioactivity 33 mCi/mol). After this period radioactivity determinations were made on portions of the dialysed sample and the dialysis fluid and the protein concentration of the dialysed sample was measured. Protein determination Protein concentration was determined by the method of Lowry et al. (1951) . For crude protein mixtures measurements were standardized against a solution of bovine serum albumin the concentration of which was determined by total nitrogen estimation by the procedure of Strauch (1965) . For purified peak I and peak II proteins, determinations were made with respect to samples of these proteins standardized by total nitrogen measurement. The nitrogen content of proteins was assumed to be 16%. Boudreau & Drummond (1975) .
Results
Affinity chromatography of whole-tissue extracts of squid optic lobes on fluphenazine-Sepharose gives two major Ca2+-dependent binding proteins as
identified by alkaline-urea/polyacrylamide-gel electrophoresis (Fig. 1) content, there were distinct differences, including the presence of a single residue of trimethyl-lysine in peak II but not in peak I (see Table 1 ). Alkaline-urea/polyacrylamide-gels of the CNBr fragments of the two proteins further confirmed that the proteins were structurally distinct (Fig. 2) . Although the CNBr fragments of peak II differed from those of peak I, they showed a striking similarity to those of bovine brain calmodulin (Fig.  2) . The identity of the peak II protein with calmodulin was also suggested by its ability to activate calmodulin-dependent phosphodiesterase in a manner similar to that of bovine brain calmodulin (Fig. 3) . The peak I protein had little effect on the activity of the enzyme over the same range of protein concentrations. The u.v.-absorption spectra of the two proteins are shown in Fig. 4 . Each spectrum shows the presence of a high phenylalanine/tyrosine content and the absence of tryptophan. The phenylalanine/tyrosine ratio appears to be higher in the peak II protein than in that of peak I, in accordance with the results of amino acid analysis.
Since it was possible that proteins other than calmodulin could adhere to fluphenazine-Sepharose by binding to calmodulin, rather than directly to the fluphenazine, we assessed the ability of each of the purified proteins to interact with phenothiazines by determining their binding with [3Hlchlorpromazine (see the Materials and methods section). At 10pM-chlorpromazine and in the presence of 0.1 mM-CaCl2 the peak I protein bound approx. 1 mol of chlorpromazine/mol and the peak II protein bound approx. 2 mol/mol. Binding was significantly reduced in each case in the absence of free Ca2+ (Fig. 5) .
The Ca2+ dependence of the interaction of the two proteins with phenothiazines suggests that both are able to bind Ca2+ in the range of free Ca2+ concentrations used in these studies. This is confirmed by the determination that at 0.1 mM-free Ca2+ (and under the conditions described in the Materials and methods section) the peak I protein bound 3.6 (+0.6)mol of Ca2+/mol and the peak II protein bound 3.7 (+0.6)mol of Ca2+/mol. The latter value is consistent with the four high-affinity Ca2+-binding sites known to be present on calmodulins from other species.
Discussion
We have purified and partly characterized two proteins from squid optic lobe that are each able to bind Ca2+ and phenothiazines. Our studies indicate that small amounts of other such binding proteins may also be present in this tissue. However, it remains to be determined whether these minor components bind directly to the phenothiazine or indirectly by binding to the major proteins.
The similarity in the apparent subunit molecular weights of the squid optic lobe peak I and peak II proteins means that they are not readily distinguished by SDS/polyacrylamide-gel electrophoresis. The presence of both proteins in a given preparation might therefore be undetected unless an alternative gel system, such as alkaline-urea/polyacrylamide gels, is used to resolve them. From all of the properties determined to date, including the presence of a single residue of trimethyl-lysine, the ability to activate phosphodiesterase and the CNBr peptide map, it seems likely that the squid peak II protein corresponds to calmodulin, as previously identified in squid axoplasm by Head & Kaminer (1980) . The amino acid analysis of the squid peak I protein shows no trimethyl-lysine and indicates that this protein is slightly more basic than calmodulin, a fact also suggested by the slower mobility of the protein on alkaline-gel electrophoresis and its earlier elution from DEAE-cellulose. Gels of the CNBr fragments of the peak I protein also show it to be distinct from calmodulin.
Calmodulin has been shown in a number of studies to act as a Ca2+_sensitive switching mechanism able to activate a large number of intracellular enzyme systems (for review, see Means et al., 1982) . Since it is apparently ubiquitous in eukaryotes, the presence of calmodulin in the optic lobe of the squid is not unexpected. However, the presence of a second Ca2+-binding protein, having a similar molecular weight and present in comparable amounts to calmodulin, offers the possibility of a second mediator for Ca2+-regulated events in this tissue. A low-molecular-weight (M. 13000-15000)
Ca2+-binding protein has previously been identified in squid optic lobes by -Alema et al. (1973) . However, it is not possible to determine from available data the relationship, if any, of this protein to either of the proteins described in the present study. A '0-1' protein described by Guiditta et al. (1977) in the optic lobes of the octopus has since been shown to correspond to octopus calmodulin (Seamon & Moore, 1980) . Marshak et a. (1981) and Endo et al. (1981) have shown that phenothiazine-Sepharose columns are able to bind S-lOOb from bovine brain in addition to calmodulin. It seems unlikely from our characterization to date that the squid optic lobe peak I protein corresponds to a molluscan equivalent of S-100, since S-100 has a subunit molecular weight of only 10500 and apparently only one Ca2+-binding site per subunit . However, in the absence of a known functional role for S-100 such a relationship is difficult to assess. Future studies must be aimed at a more detailed characterization of the peak I protein and a determination of its structural and functional relationship with other such Ca2+_ binding proteins.
The observation in the present study and in those of Marshak etal. (1981) and Endo etal. (1981) that proteins other than calmodulin are able to bind phenothiazines in a Ca2+-dependent manner should encourage caution in the use of these drugs both as diagnostic tools for defining calmodulin involvement in a given system, and as affinity ligands for the specific binding of solely calmodulin.
